Context. We present a study of the 3-dimensional environment for a sample of 386 galaxies in the Catalogue of Isolated Galaxies (CIG, Karachentseva 1973) using the Ninth Data Release of the Sloan Digital Sky Survey (SDSS-DR9). Aims. We aim to identify and quantify the effects of the satellite distribution around a sample of galaxies in the CIG, as well as the effects of the Large Scale Structure (LSS). Methods. To recover the physically bound galaxies we first focus on the satellites which are within the escape speed of each CIG galaxy. We also propose a more conservative method using the stacked Gaussian distribution of the velocity difference of the neighbours. The tidal strengths affecting the primary galaxy are estimated to quantify the effects of the local and LSS environments. We also define the projected number density parameter at the 5 th nearest neighbour to characterise the LSS around the CIG galaxies. Results. Out of the 386 CIG galaxies considered in this study, at least 340 (88% of the sample) have no physically linked satellite. Following the more conservative Gaussian distribution of physical satellites around the CIG galaxies leads to upper limits. Out of the 386 CIG galaxies, 327 (85% of the sample) have no physical companion within a projected distance of 0.3 Mpc. The CIG galaxies are distributed following the LSS of the local Universe, although presenting a large heterogeneity in their degree of connection with it. When present around a CIG galaxy, the effect of physically bound galaxies largely dominates (usually by more than 90%) the tidal strengths generated by the LSS. Conclusions. The CIG samples a variety of environments, from galaxies with physical satellites to galaxies with no neighbours within 3 Mpc. A clear segregation appears between early-type CIG galaxies with companions and isolated late-type CIG galaxies. Isolated galaxies are in general bluer, with likely younger stellar populations and rather high star formation with respect to older, redder CIG galaxies with companions. Reciprocally, the satellites are redder and with an older stellar populations around massive early-type CIG galaxies, while they have a younger stellar content around massive late-type CIG galaxies. This suggests that the CIG is composed of a heterogeneous population of galaxies, sampling from old to more recent, dynamical systems of galaxies. CIG galaxies with companions might have a mild tendency (0.3-0.4 dex) to be more massive, and may indicate a higher frequency of having suffered a merger in the past.
Introduction
Isolated galaxies are located, by definition, in low-density regions of the Universe, and should not be significantly influenced by their neighbours. Does a separate population of isolated galaxies exist, or are isolated galaxies simply the least clustered galaxies of the Large Scale Structure (LSS)? It is assumed that over the past several billion years the evolution of these objects has largely been driven by internal processes. A significant population of isolated galaxies is of great interest for testing different scenarios of the origin and evolution of galaxies. In this sense, isolated galaxies are an ideal sample of reference for studying the effects of environment on different galaxy properties. Such a sample would represent the most nurture-free galaxy population.
Studies of isolated galaxies can be argued to begin with the publication of the Catalogue of Isolated Galaxies (CIG; Karachentseva 1973) . The AMIGA (Analysis of the interstellar Medium of Isolated GAlaxies 1 ) project (Verdes-Montenegro et al. 2005 ) is based upon a re-evaluation of the CIG. It is a first step in trying to identify and better characterise isolated galaxies in the local Universe. Verdes-Montenegro et al. (2005) argued that 50% or more galaxies in the CIG show a homogeneous redshift distribution. Sulentic et al. (2006) , and more recently Fernández Lorenzo et al. (2012) , found that 2/3 of the CIG are Sb-Sc late-type galaxies, and 14% are early-type. This implies an extremely high late-type fraction and extremely low earlytype population. At intermediate redshift, Cooper et al. (2012) found that early-type systems in higher density regions tend to be more extended than their counterparts in low density environments. Taking into account the effect of the local environment, Fernández Lorenzo et al. (2013) show that the number of satellites around a galaxy affects its size. CIG galaxies have larger sizes than galaxies in the Nair & Abraham (2010) sample with zero or one satellite, which are also larger than galaxies in Nair & Abraham (2010) with two or more satellites.
The distribution of satellites (faint companions) around isolated primary galaxies provides important information about galaxy formation, as well as a critical test of the ΛCDM model on small scales (Einasto & Einasto 1987; Choi et al. 2007; Agustsson & Brainerd 2010; Ferrero et al. 2012; Anderhalden et al. 2013; Bozek et al. 2013 ). This explains the growing interest for studying the satellite distribution (Prada et al. 2003; Sales & Lambas 2005; Guo et al. 2012) , and for exploring the link between galaxy properties and the satellite population (Park et al. 2007; Guo et al. 2011; Karachentseva et al. 2011; Edman et al. 2012; González et al. 2013) .
According to a previous study , the criteria proposed by Karachentseva (1973) to remove fore-and background galaxies are not fully efficient. About 50% of the neighbours, considered as potential companions, have very high recession velocities with respect to the central CIG galaxy: the condition is too restrictive, and may consider as not isolated galaxies slightly affected by their environment. On the other hand, about 92% of neighbour galaxies showing recession velocities similar to the corresponding CIG galaxy are not considered as potential companions by the CIG isolation criteria, and may have a non negligible influence on the evolution of the central CIG galaxy. This motivates us to extend the study, taking into account nearby and similar redshift companions to identify physical satellites affecting the evolution of the central CIG galaxy, so as to provide a more physical estimation of the isolation degree of the CIG. About 60% of the CIG galaxies have no major (similar-size) companion in the SDSS, according to the CIG (purely photometric) isolation criteria. Nevertheless, considering the third dimension, only 1/3 of the sample has no similar redshift neighbours .
In this context the CIG represents an excellent sample to study the relation of galaxy properties on both local and largescale environments.
In the present work, we aim to identify and quantify the effects of the satellite distribution around a sample of CIG galaxies, as well as the effects of the Large Scale Structure. This study is organised as follows: in Sect. 2, the sample and the data used are presented. The method to identify the potential satellite galaxies is described in Sect. 3. In Sect. 4, we describe the parameters used to quantify the environment. We present our results in Sect. 5 and the associated discussion in Sect. 6. Finally a summary and the main conclusions of the study are presented in Sect. 7. Throughout the study, a cosmology with Ω Λ0 = 0.7, Ω m0 = 0.3, and H 0 = 70 km s −1 Mpc −1 is assumed.
The sample and the data
The CIG (Karachentseva 1973) has been assembled with the requirement that no similar size galaxy i with angular diameter D i between 1/4 and 4 times the apparent diameter D P of the primary CIG galaxy lies within 20 D i (Eqs. 1 and 2):
Until recently, most of the identifications and evaluations of large samples of isolated galaxies have been carried out using photometric data. The advent of the Sloan Digital Sky Survey (SDSS; York et al. 2000; Eisenstein et al. 2011 ) has opened up the possibility to develop a detailed spectroscopic study of the environment of galaxies in the CIG.
Our starting sample is based on the CIG galaxies found in the ninth data release (DR9; Ahn et al. 2012 ) of the SDSS. We focus our study on CIG galaxies with recession velocities ≥ 1500 km s −1 (Verley et al. 2007b ) so as to avoid an overwhelmed search for potential neighbours (the angular size on the sky for 1 Mpc at a distance of 1500 km s −1 is approximately 2.
• 9). We then add the requirement that more than 80% of the neighbours within a projected radius of 1 Mpc possess a spectroscopic redshift in either the main galaxy sample (Strauss et al. 2002) , with magnitudes between 14.5 < m r,Petrosian < 17.77, or in the Baryon Oscillation Spectroscopic Survey (BOSS; Dawson et al. 2013 ) which uses a new spectrograph (Smee et al. 2012 ) to obtain spectra of galaxies with 0.15 < z < 0.8 and quasars with 2.15 < z < 3.5, thus useful to reject background objects in our study. To correct for redshift incompleteness in the field, we use the photometric redshift z p provided by the SDSS (z of the table Photoz, for galaxies at magnitudes m r < 17.77 according to Sabater et al. 2013) . After a first rejection of neighbours with z p > 0.1 as background galaxies, we select as potential companions neighbour galaxies with |z CIG − z p | < 2.5 z p,Err (Guo et al. 2011) , where z CIG is the spectroscopic redshift of the CIG galaxy and z p,Err is the photometric redshift error.
In order to evaluate the effects of the large scale environment, we follow a methodology similar to Argudo-Fernández et al. (2013) , searching for neighbours around 386 CIG fields completely covered by the SDSS within a physical projected radius of 3 Mpc.
Model magnitudes in the r-band (the deepest images) are used in our study. Sizes are estimated from r 90 , the Petrosian radius containing 90 % of the total flux of the galaxy in the rband 2 , as explained in Argudo-Fernández et al. (2013) . Absolute magnitudes and stellar masses (see upper panel in Fig. 1 ) for both CIG galaxies and neighbours, are calculated by fitting the spectral energy distribution using the routine kcorrect (Blanton & Roweis 2007) .
Identification of physical companions
To recover the physical satellites around the CIG galaxies, we first focus on the satellites which are within the escape speed of each CIG galaxy (Sect. 3.1). We also propose a more conservative method using the stacked Gaussian distribution of the velocity difference of the neighbours, with respect to the corresponding CIG galaxy, which gives an upper limit for the influence of the local environment (Sect. 3.2).
Escape speed
To identify the physical satellites which may have had a secular influence on the central CIG galaxy, we use the escape speed in order to select the physically bound satellite galaxies. The escape speed at a given distance reads:
where G is the universal gravitational constant, M P is the dynamical mass of the central CIG galaxy, and R iP is the distance between the neighbour i and the primary galaxy P.
In the upper panel of Fig. 1 , the distribution of the stellar masses of the CIG galaxies is presented. The logarithm of the stellar mass spans 8.1-11.4 M , with a peak towards 10.5 M . The dynamical masses of the CIG galaxies are estimated from their stellar masses following the parametrisation in Moster et al. (2013) , including redshift evolution (see their Eq. 2). The result of the Stellar-to-Halo Mass (SHM) parametrisation for CIG galaxies is shown in middle and lower panels in Fig. 1 .
The escape separation should be computed using the 3-dimensional space between the central CIG galaxy and its neighbours. Unfortunately we do not have this information and the use of projected separations, as well as 1-dimensional line-of-sight velocities, would lead to an overestimation of the number of physical companions. To correct for this bias we first assume an isotropic velocity distribution (see also next section). Under this hypothesis, the 1-dimensional, line-of-sight velocity is related to the 3-dimensional velocity by a scale factor √ 3. Similarly, the projected separation should be multiplied by a factor
to approximate 3D separation. Although these approximations may not be totally exact for a given CIG galaxy, they nevertheless represent a useful first step towards a full 3D characterisation of the environment of galaxies.
Several levels of the escape speed are shown in the upper panel of Fig. 2 , as a function of the projected distance, up to 0.3 Mpc. The levels are calculated for a typical stellar mass of 10 10.5 M , translating into a dynamical mass of 10 11.9 M . In the lower panel, we show the characteristic trumpet shape (caustic Kaiser 1987; Strauss & Willick 1995; Diaferio & Geller 1997) under which the satellite galaxies would be captured. Above the caustic, the neighbour galaxies possess a velocity sufficient to evade the gravitational attraction of the primary galaxy and are not captured, although fly-by interactions may influence the structure and evolution of the primary galaxy.
Using the escape speed, the satellite galaxies considered physically bound with their corresponding CIG galaxy, are all neighbours satisfying the condition |∆ | ≤
km s −1 and lying at a distance lower than 0.3 Mpc.
Gaussian distribution of physical satellites
Some galaxies may pass nearby a primary CIG galaxy, but with a velocity so high that they interact once with the CIG galaxy and then leave. To take into account the potential effect of fly-by encounters, we develop a more conservative method to recover most of the galaxies which have interacted with the CIG galaxies. We do so by stacking all the primaries and their satellites in order to obtain statistically robust results. In the upper panel of Fig. 3 , we show the distribution of the absolute values of the radial velocity difference between the projected neighbour galaxies and the central CIG galaxies (∆ = neigh − CIG ). Two components appear clearly in the figure. The first component is a flat continuum distribution of foreground/background neighbours, extending to Mpc scales, and related to the LSS distribution of galaxies. The second component is the over-abundance of neighbour galaxies peaking at |∆ | = 0 km s −1 ; most of those would be dynamically related to the central CIG galaxies. In order to estimate the standard deviation, σ, of the distribution, we first estimate the median level of the background between 300 and 1000 km s −1 , and remove it. A The physically linked associations correspond to neighbour galaxies at distance to the central CIG galaxy and |∆ | less than the corresponding value according to circle lines. The levels are calculated for a typical stellar mass of 10 10.5 M , translating into a dynamical mass of 10 11.9 M . (lower panel): 3-Dimensional escape velocity schema in a redshift-space diagram (line-of-sight velocity versus projected distance). The physically linked associations correspond to neighbour galaxies under the 'trumpet' surface. The levels are calculated for a typical stellar mass of 10 10.5 M , translating into a dynamical mass of 10 11.9 M .
Gaussian distribution appears for velocity differences minor than 300 km s −1 . We vary σ between 70 and 300 km s −1 and use a χ 2 fitting minimisation to obtain the standard deviation of the satellite distribution: σ = 105 km s −1 . Consequently, the 3σ limit is at 315 km s −1 . The neighbour galaxies with |∆ | ≤ 315 km s
show a substantial liability to gather in the inner 0.3 Mpc around the CIG galaxies (see the lower panel of Fig. 3 ). This dynamical link is also confirmed by the constancy of the standard deviation (grey curves) with the best fit (blue curve). The Gaussian fit has been done within |∆ | = 300 km s −1 (vertical line) and considering as a zero point the flat continuum distribution of background neighbours (horizontal line). (lower panel): Probability Density Function (PDF) for neighbour galaxies peaking at |∆ | = 0 km s −1 over PDF for the background flat population selected in the interval 1000 < |∆ | < 3000 km s −1 , as a function of the distance to the central CIG galaxy. The inner 0.3 Mpc are shaded.
for radii lower than 0.3 Mpc (see the upper panel of Fig. 6 , and the associated analysis in Sect. 5.4). To be very conservative and recover 99.7% of the physically linked companions, we consider that all neighbours within |∆ | ≤ 3 σ may be physically bound with their corresponding CIG galaxy.
Hence, the satellite galaxies selected by the Gaussian distribution are all neighbour galaxies with |∆ | ≤ 315 km s −1 and lying at a distance lower than 0.3 Mpc. This method provides an upper limit on the quantification of the local environment, since more galaxies will be considered as satellites with respect to those selected following the escape speed method.
Quantification of the environment
In order to quantify the isolation degree of the CIG galaxies, we use two complementary parameters: the tidal strength Q that the neighbours produce on the central galaxy (Verley et al. 2007a; Sabater et al. 2013; Argudo-Fernández et al. 2013) , and the projected density η k (Eqs. 5 and 6) of neighbour galaxies considered in this study.
Tidal strength parameter
The tidal strength parameter is defined as:
where M i and M P are the stellar masses of the neighbour and the principal galaxy, respectively, D P the apparent diameter of the principal galaxy, and R iP the projected physical distance between the neighbour and principal galaxy. We use the apparent diameter D P = 2 r 90 scaled by a factor 1.43 to match the definition of diameter used in the literature (projected major axis of a galaxy at the 25 mag arcsec −2 isophotal level or D 25 , Verley et al. 2007a ). The total tidal strength is then defined as:
The logarithm of the sum of the tidal strength created by all the neighbours in the field is a dimensionless estimation of the gravitational interaction strength (Verley et al. 2007a ). The greater the value of Q, the less isolated from external influence the galaxy, and vice-versa.
Projected number density parameter
To characterise the LSS around the CIG galaxies, we also define the projected number density parameter (Verley et al. 2007a; Argudo-Fernández et al. 2013) , as follows:
where V(r k ) = 4 3 π r 3 k and r k is the projected physical distance to the k th nearest neighbour, with k equal to 5, or less if there were not enough neighbours in the field. The farther the k th nearest neighbour, the smaller the projected number density η k,LSS .
Results

Spectroscopic identification of physical satellites around galaxies in the CIG
Out of the 386 CIG galaxies considered in this study, 340 have no physically linked satellites, which represents 88% of the sample. Among the 46 CIG galaxies with at least one physical companion within its escape speed boundary, 36 have one satellite, nine have two satellites, and one has three satellites (CIG 771).
There is no CIG galaxy with more than three physically linked satellites. The values of the tidal forces exerted by these satellites on the CIG galaxies are listed in columns 2, 3, 4, and 5 of Table 1 . Following the more conservative Gaussian distribution of physical satellites around the CIG galaxies leads to upper limits. Out of the 386 CIG galaxies, 327 (85% of the sample) have no physical companion within a projected distance of 0.3 Mpc. Out of the remaining 59 CIG galaxies (15%), 46, 11, and 2 CIG galaxies (CIG 237 and CIG 771) are in interaction with one, two, and three physical companions, respectively.
Examples of the environment for three CIG galaxies are shown in Fig. 4 . CIG 203 has no physically bound companions. On the other hand, CIG 401 and CIG 771 are linked locally with companions that are caught under their gravitational influence.
Correction for the redshift incompleteness
As mentioned in Sect. 2, the sample used in this study was selected for CIG fields with at least 80% redshift completeness (the mean completeness of the sample is 92.5%). Therefore, to correct for this incompleteness we consider photometric redshifts to compensate the estimation of the local environment. The upper limit on the local tidal strength is then calculated considering the potential companions at the same distance as their corresponding CIG galaxy, i.e., the least favourable case for the isolation degree.
This correction is applied to the already conservative Gaussian distribution selection of physical satellites, introducing no change for 356 CIG galaxies (92% of the sample). Out of the remaining 30 CIG galaxies, 22 CIG galaxies without satellite acquire one, six CIG galaxies pass from one to two satellites, and one CIG galaxy passes from two to three satellites. Only one CIG galaxy, CIG 626, gains more than one possible satellite, passing from none to three possible satellites.
The inclusion of one missing redshift galaxy as a potential companion increases the tidal strength by a mean value of 13%, with respect to the tidal strength generated by the spectroscopic satellites. The most unfavourable cases occur for CIG 278 and CIG 495 where the effect of the missing galaxy amounts to 64% and 83%, respectively.
Large Scale Structure
To quantify the large scale environment around the CIG galaxies, we use the two isolation parameters defined in Sect. 4. The parameter Q LSS was calculated taking into account all companions within 3 Mpc and |∆ | < 315 km s −1 to provide the sum of the tidal strengths exerted on the CIG galaxies. The parameter η k,LSS accounts for the number density of companions within |∆ | < 315 km s −1 and projected at the distance of the 5 th nearest neighbour with respect to the CIG galaxy. Only 10 CIG galaxies (less than 3% of the sample) are farther away than 3 Mpc from any other galaxy with a SDSS measured spectrum.
In Fig. 5 , the projected number density is shown versus the tidal strength parameter. Due to the logarithmic definition of the parameters, the figures appear to span several orders in magnitude (3 dex for η k,LSS and 7 dex for Q LSS ) showing the large scatter in the environments found around the CIG galaxies. The results of the quantifications of the environment are listed in columns 6, 7, and 8 of Table 1. CIG galaxies with physically bound satellites tend to show greater values of Q LSS but not η k,LSS .
The large scale environment is graphically exemplified around three CIG galaxies in the right column of Fig. 4 . There is a sparse population of galaxies in the LSS around CIG 203, while CIG 401 and CIG 771 show a much more crowded LSS within 3 Mpc.
Local environment versus large scale environment
To evaluate the role of the physically bound satellites with respect to the large scale environment, we compare the magnitudes of the sum of the tidal forces produced by the physical compan- ions to the sum of the tidal forces engendered by all the galaxies in the LSS. When at least one physical companion is present near a CIG galaxy, its effect largely dominates (usually more than 90%) over the tidal forces generated by the LSS. This effect is clearly visible in Fig. 5 . The ratios Q sat /Q LSS and Q sat,sup /Q LSS are tabulated in columns 9 and 10 of Table 1, respectively.
It seems that there is a natural distinction between the physically bound satellites and the LSS. This dichotomy appears for instance if we plot the standard deviation of a Gaussian fitting as a function of the projected distance (see the upper panel of Fig. 6 ). Up to ∼ 0.3 Mpc, most of the galaxies are linked to their host. If the systems have been in interaction long enough, they . Projected number density η k,LSS versus tidal strength Q LSS diagram for the LSS. CIG galaxies with one, two, and three dynamically linked satellites are depicted by green circles, blue crosses, and magenta triangles, respectively. are relaxed and the velocity differences are virialised. This appears as a plateau in the inner ∼ 0.3 Mpc, with a constant standard deviation σ ≈ 105 km s −1 . At larger distances, the standard deviation monotonically increases due to the rising fraction of the LSS galaxies enclosed.
The physically captured satellite galaxies are typically 1.5 dex fainter than the magnitude of galaxies lying farther away (see the middle panel of Fig. 6 ). In average, the galaxies in the inner ∼ 0.3 Mpc are also smaller (about 0.4 × D P ) compared to galaxies which are not satellites (∼ 0.7 × D P ).
The connection between the CIG and the LSS is revealed by comparing the apparent magnitudes and sizes of the galaxies with |∆ | < 315 km s −1 to the ones of the galaxies outside this limit (see middle and lower panels of Fig. 6 , respectively). Galaxies with similar velocities have magnitudes and sizes closer to the ones of CIG galaxies, compared to background and foreground galaxies (defined by galaxies with recession velocities in the range 315 < |∆ | < 3000 km s −1 ), disclosing the association between the CIG galaxies and their surrounding LSS.
Discussion
The construction of the CIG
In a previous work we revised the CIG isolation criterion using both photometry and spectroscopy from the SDSS-DR9. We found that the 16% of the CIG galaxies considered in the spectroscopic study do not pass the CIG isolation criterion. There may be a population of very close physical satellites which may have a considerable influence on the evolution of the central CIG galaxy. Therefore, one of the aims of the present study is to characterise such a population of satellites.
As shown in Sect. 5.1, about 12% (and up to 15%) of the CIG galaxies have physically bound satellites. To seek why these systems are included in the CIG, it is worth to recall that the CIG has been constructed visually, on photographic mate- rial (Karachentseva 1973) . Unfortunately, the sample of neighbour galaxies inspected originally is not available. Nevertheless, a revision has been carried out by Verley et al. (2007b) on the same original material (Palomar Observatory Sky Survey, POSS), providing a catalogue of approximately 54,000 neighbours. By comparing the physically bound satellites found in the SDSS to this POSS-based catalogue, we should be able to point out some drawbacks due to the use of photographic plates and the nearly total lack of redshift availability, forty years ago.
In the left panel of Fig. 7 , we show that the SDSS identification of satellites goes, in general, deeper than the POSS. Indeed, Verley et al. (2007b) recover neighbour galaxies brighter than B = 17.5. The slight overlap of magnitudes between the two distributions is due to the non-linearity of the photographic material, as well as the varying zero-point from field to field in the POSS calibration (Verley et al. 2007b) . Equally, in the central panel of Fig. 7 , we see that the POSS search for companions misses the faintest galaxies, with respect to the magnitudes of the primary CIG galaxies.
Nonetheless, Karachentseva (1973) did not use any magnitude criterion to search for companions, and used only the apparent diameters of galaxies instead. In the right panel of Fig. 7 , it is shown that about half of the physical companions missed by the POSS have diameters smaller than one fourth of the diameter of their corresponding CIG galaxy, and were therefore not considered by the CIG isolation criteria. In fact, 23% of the missing physical companions are dwarf galaxies discarded by the original study. For instance, in the case of CIG 771, none of its three physically linked galaxies would violate the CIG isolation criterion. Nevertheless, its closest satellite, at 12 kpc and with a velocity difference of 230 km s −1 , tackled by the present study may have a considerable influence on the evolution of CIG 771. Redshift surveys are mandatory in order to distinguish small, faint, physically bound satellites from a background projected galaxy population.
Identification of satellites
Due to the spectroscopic redshift limit of the SDSS, analysing the satellite population around isolated galaxies is a challenge. We have some limitations to take into account. We are only able to detect bright neighbours (M 31 or M 33 like galaxies) and the brightest dwarfs (Large Magellanic Cloud and Small Magellanic Cloud like satellites) around most central galaxies. Nevertheless, the spectroscopic catalogue of the SDSS is complete to m r < 17.77 mag, so we are always able to detect neighbours within ∆ m r ≤ 2 mag, even for the faintest CIG galaxy.
The spatial location of satellites with respect to their primary galaxies is uncertain due to redshift space distortions and projection effects. We follow a very conservative approach and use the projected separation between the neighbour and the CIG galaxy, providing a lower limit on the 3D distance between the two galaxies, which increases the number of potentially linked satellites taken into account by the escape speed and Gaussian distribution selections. This will translate on conservative higher limits for the isolation parameters.
In addition, the redshifts only account for the radial (line of sight) component of the peculiar velocities of the galaxies. Consequently, the velocity difference ∆ supplies also a lower limit and exaggerates the number of physically related companions, in particular for the escape speed selection method. Nevertheless, the escape velocity method selects satellites minimising the effect of background objects, although there is an uncertainty about the total dynamical mass of the primary galaxy.
On the other hand, the Gaussian distribution method selects as satellites all neighbours within |∆ | ≤ 3σ and at projected physical distances to the central galaxy d ≤ 0.3 Mpc. The 3σ cut ensures that we recover more than 99.7% of the physically associated satellites. This method includes also a fraction of flyby encounters that may have an influence on the evolution of the primary galaxies. However, this is a compromise because, at the same time, it incorporates galaxies which are more likely located at 4.5 Mpc from the primary galaxy rather than at the same distance and with a velocity difference ∆ = 315 km s −1
(following the lineal approximation of the Hubble law v = H 0 D). This explains why the Gaussian distribution provides an upper limit to the escape speed selection.
Local and large scale environments around CIG galaxies
Although only up to 15% of the CIG galaxies in the sample have physically bound satellite, almost all galaxies (97%) can be directly related to a LSS. The very large scatter in the quantification of the LSS (see the values spanned by η k,LSS and Q LSS in Fig. 5 ) shows that the CIG includes both galaxies dominated by their immediate environment as well as galaxies almost free from any external influence. In particular ten CIG galaxies are not associated to a LSS, at least within 3 Mpc: CIG 229, 245, 284, 318, 331, 541, 542, 546, 674 , and 702 (see their threecolour images in Fig. 8 ).
The continuous distributions of the η k,LSS and Q LSS isolation parameters show that the CIG spans all the variety of environments between these two extreme cases. The connection of the CIG galaxies with the LSS is obvious due to the excess of similar redshift galaxies between 0.3 and 3 Mpc, as can be seen in the lower panel of Fig. 3 . According to the middle and lower panels of Fig. 6 , the large scale association is also noticeable due to higher number of brighter and bigger galaxies at redshift similar to those of the CIG galaxies, with respect to fainter, smaller background objects. Hence, the CIG galaxies are distributed following the LSS of the local Universe, although presenting a large heterogeneity in their degree of connection with it.
Some illustrations of the different environments around the CIG galaxies are shown in Fig. 4 . Due to the large and roughly equivalent number of blue-and redshifted neighbour galaxies within the projected 3 Mpc, the galaxy CIG 771 may reside in the outskirts of a poor cluster. The galaxy CIG 401 seems to be located towards the edge of a LSS, such as a filament or a wall. On the other hand, the galaxy CIG 203 appears only mildly in relation with a LSS since only two LSS neighbours can be found in its environment. Its isolation parameters are very low (η k,LSS = −1.94 and Q LSS = −5.65) and its spatial location could be towards a void part of the local Universe. This environment is closer to the one of the ten galaxies for which we find no relation with the LSS within the first 3 Mpc. It is interesting to note that, out of the ten most isolated galaxies studied here, nine are clearly late type spirals showing symmetric morphologies, with no visible signs of interaction (see Fig. 8 ). Some of these galaxies could represent the closest remains of a fossil spiral population.
6.4. Influence of the environment on the evolution of the primary galaxies
To delimit the role of the environment on the physical properties of the galaxies we compare, within the CIG, the most isolated galaxies to the galaxies with companions. For this com- parison, we use median values since they are less sensitive to outliers. Uncertainties are given by the 95% confidence interval of the median. The subsample of galaxies with companions encloses galaxies with at least one physically bound satellite in their vicinity (k sat or k sat,sup strictly positive). The subsample containing the most isolated CIG galaxies incorporates the galaxies presenting the lowest values of the projected number density (η k,LSS < −1.5) and tidal strength (Q LSS < −6), along with the ten galaxies isolated from both their local and LSS environments (CIG 229, 245, 284, 318, 331, 541, 542, 546, 674, and 702 ).
In the upper left panel of Fig. 9 , the distribution of the logarithm of the stellar masses of the galaxies with companions (with median 10.70 ± 0.10) and isolated galaxies (with median 10.35 ± 0.17) are shown. Both subsamples extend from 10 9 to 10 11.5 M , although the galaxies with companions might have a mild tendency (1σ) to be more massive, which may indicate a higher frequency of having suffered a merger in the past. Regarding the absolute magnitudes, the median for galaxies with companions is −21.48 ± 0.22 , while for isolated galaxies these values are −20.98 ± 0.27. There is no significant difference in the distributions of the absolute magnitudes between the two subsamples (upper central panel of Fig. 9 ).
Rest-frame colours (g−r) and (u−r) are derived from the absolute magnitudes in u-, g-and r-band, where u = M u , g = M g , and r = M r magnitudes are corrected for Galactic extinction (following the extinction maps from Schlegel et al. 1998 ) and kcorrection. The median (g − r) value for the galaxies with physically bound satellites is 0.76 ± 0.02, while the median value for the galaxies least affected by external tidal forces drops to 0.62 ± 0.05 (upper right panel of Fig. 9 ). This suggests that CIG galaxies with companions are in general redder and with older stellar populations with respect to the most isolated galaxies in the CIG which are bluer due to younger stellar populations (at a ∼ 2σ confidence level).
In the lower left panel of Fig. 9 , the morphological T -types (Fernández Lorenzo et al. 2012 ) of the galaxies with companions and most isolated galaxies are shown. The fraction of early-type galaxies (T < 0) is dominated by galaxies with companions. On the other hand, the most isolated galaxies concentrate around the Sc type (T = 5), meaning that they are mainly late-type spiral galaxies. This trend is confirmed by the 10 most isolated galaxies: only one is early-type, while the remaining nine are consistently distributed around the Sc type. The inverse concentration index (ICI) defined as the ratio of the radii containing 50% and 90% of the Petrosian fluxes in the SDSS r-band, C ≡ r p,50 /r p,90 , is also an indicator of the morphological type. Early-type galaxies with a de Vaucouleurs profile will display values of the ICI around 0.3 while morphologies dominated by an exponential disk will show typical ICI values towards 0.43 (Strateva et al. 2001) . The ICI histograms in the lower central panel of Fig. 9 confirm the trends based on the visual (optical) morphology: a marginal (1σ) segregation between early-type galaxies with companions (median 0.36 ± 0.02) and isolated late-type galaxies (median 0.42 ± 0.03). The intrinsic dispersion due to the use of the ICI as an estimation of the morphological type may also mix the two populations, which may be genuinely more separated. These tendencies can be related to the well known morphologydensity relation for field and cluster galaxies (Dressler 1980; Dressler et al. 1997 ), but it is noteworthy to appreciate it even when the local environment is defined by only one, two, or three faint satellites.
The stellar populations of primary galaxies can be characterised in terms of (u − r) rest-frame colours. In the lower right panel of Fig. 9 , the well known SDSS-discovered bimodality appears, with an optimal separation at (u − r) = 2.22 (Strateva et al. 2001 ). Isolated galaxies mainly distribute in the range (u − r) < 2.22 (median 1.95 ± 0.16), while galaxies with companions spread over the area defined by (u − r) > 2.22 (median 2.48 ± 0.11). This segregation (with more than a 68% level of confidence) means that isolated galaxies are in general bluer, with a younger stellar population and rather high star formation with respect to older, redder galaxies with companions. These colours, in combination with morphological trends previously noticed and the (g − r) colours, lead to a coherent view where isolated star forming galaxies are separated from older early-type galaxies with companions.
In Fig. 10 , we show some mean properties of the physically linked satellites as a function of the stellar masses of the primary CIG galaxies, for two subsamples: physical satellites around early-and late-type CIG galaxies. The distribution of , and (u − r) rest-frame colour (lower right panel) for CIG galaxies. The distributions for the 10 most isolated CIG galaxies are represented by green histograms, and the most isolated CIG galaxies in terms of projected density η k,LSS and tidal strength Q LSS are represented by magenta and blue histograms, respectively. On the contrary, distributions for CIG galaxies with satellites are represented by white histograms (hatched histograms for the escape speed selection and plain white histograms in case of upper limit selection of satellites). the absolute magnitudes of the satellites is comparable for both subsamples, although the most massive early-type CIG galaxies (M > 10 10.5 M ) may very marginally attract brighter satellites (see upper panel of Fig. 10) . A clearer tendency appears for the distribution of the ICI: massive early-type CIG galaxies will preferentially be surrounded by more early-type companions, with respect to late-type CIG galaxies which will present a higher fraction of late-type satellites (see central panel of Fig. 10 ). This dichotomy is also seen in the (g − r) colours of the satellites: the satellites are redder, likely have older stellar populations, around massive early-type CIG galaxies while they may present a younger stellar content around massive late-type CIG galaxies, as seen in the lower panel of Fig. 10 . This means that if the local environment has an influence on the evolution of the CIG galaxies, reciprocally, the satellites around the CIG galaxies may also be affected by the nature of the primary galaxy. This suggests that the CIG is composed by an heterogeneous population of galaxies, sampling old systems of galaxies but also spanning more recent, dynamical systems of galaxies.
Summary and conclusions
We present a study of the 3-dimensional environment for a sample of 386 galaxies in the Catalogue of Isolated Galaxies (CIG; Karachentseva 1973) , using the Ninth Data Release of the Sloan Digital Sky Survey (SDSS-DR9).
We identify and quantify the effects of the satellite distribution around a sample of galaxies in the CIG. To recover the physical satellites around the CIG galaxies, we first focus on the satellites which are within the escape speed of each CIG galaxy. We also propose a more conservative method based on the stacked Gaussian distribution of the velocity difference of the neighbours, which gives an upper limit to the influence of the local environment.
In comparison to a previous study we can estimate the effect of the physical associations that were not taken into account by the CIG isolation criteria, which could also have a non negligible influence on the evolution of the central CIG galaxy. The tidal strengths affecting the primary galaxy are estimated to quantify the effects of the local and Large Scale Structure (LSS) environments. To characterise the LSS around the CIG galaxies, we define the projected number density parameter at the 5 th nearest neighbour. Our main conclusions are the following:
1. Out of the 386 CIG galaxies considered in this study, at least 340 (88% of the sample) have no physically linked satellite. Following the more conservative Gaussian distribution method to identify physical satellites around the CIG galaxies leads to upper limits: out of the 386 CIG galaxies, 327 galaxies (85% of the sample) would have no physical companion within a projected distance of 0.3 Mpc. 2. Consequently, about 12% (and up to 15%) of the CIG galaxies have physically bound satellites. CIG galaxies with companions might have a mild tendency (0.3-0.4 dex) to be more massive, which suggests a higher frequency of having suffered a merger in the past. Satellites are in general redder, brighter, and bigger for more massive central CIG galaxies. Also, massive elliptical and lenticular CIG galaxies tend to have satellites with earlier types than similar mass spiral CIG galaxies. 3. Although 15% at most of the CIG galaxies in the sample have physically bound satellite, almost all galaxies (97%) can be directly related to a LSS. The very large scatter in the quantification of the LSS shows that the CIG includes both galaxies dominated by their immediate environment as well as galaxies almost free from any external influence. 4. The continuous distributions of the η k,LSS and Q LSS isolation parameters show that the CIG spans a variety of environments. The connection of the CIG galaxies with the LSS is obvious due to the excess of similar redshift galaxies between 0.3 and 3 Mpc. The CIG galaxies are distributed following the LSS of the local universe, although presenting a large heterogeneity in their degrees of connection with it. 5. To evaluate the role of the physically bound satellites with respect to the large scale environment, we compare the magnitudes of the sum of the tidal strengths produced by the physical companions to the sum of the tidal strengths created by all the galaxies in the LSS. When at least one physical companion is present near a CIG galaxy, its effect largely dominates (usually more than 90%) the tidal strengths generated by the LSS. 6. To delimit the role of the environment on the physical properties of the galaxies we compare, within the CIG, the most isolated galaxies to the galaxies with companions. We find a clear segregation between CIG galaxies with companions and isolated CIG galaxies. Isolated galaxies are in general bluer, with a younger stellar population and rather high star formation with respect to the older, redder galaxies with companions. These (u − r) colours, in combination with the morphological trends and the (g − r) colours, lead to a coherent view where isolated star forming galaxies are separated from older elliptical galaxies with companions. 7. Conjointly, we find that the satellites are redder and with older stellar populations around massive early-type CIG galaxies while they have a younger stellar content around massive late-type CIG galaxies. This means that if the local environment has an influence on the evolution of the CIG galaxies, reciprocally, the satellites around the CIG galaxies may also be affected by the nature of the primary galaxy. This suggests that the CIG is composed of a heterogeneous population of galaxies, sampling old systems of galaxies but also spanning more recent, dynamical systems of galaxies. 8. As mentioned, the CIG samples a variety of environments, from galaxies in interaction with physical satellites to galaxies with no neighbours in the first 3 Mpc around them. Hence, in the construction of catalogues of galaxies in relation to their environments (isolated, pairs, triplets, groups of galaxies), redshift surveys are required in order to distinguish small, faint, physically bound satellites from a background projected galaxy population and reach a more comprehensive 3-dimensional picture of the surroundings. Table 1 . Quantification of the environment. The columns correspond to: (1) galaxy identification according to the CIG; (2) Q sat , tidal strength estimation for satellites using the escape speed method; (3) Q sat,sup , tidal strength estimation for satellites using the Gaussian distribution method; (4) k sat , number of satellites selected following the escape speed method; (5) k sat,sup , number of satellites selected following the Gaussian distribution method; (6) Q LSS , tidal strength estimation of the LSS; (7) η k,LSS , local number density estimation of the LSS; (8) k LSS , number of LSS associations;
Qsat Q LSS , relation between Q sat and Q LSS , from 0 to 1 if the considered satellites amount from 0% to 100% to the total tidal strength; (10)
Qsat,sup Q LSS , relation between Q sat,sup and Q LSS , from 0 to 1 if the considered satellites amount from 0% to 100% to the total tidal strength.
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